The actions of a person holding a mobile device are not a static state but can be considered as a stochastic process since users can change the way they hold the device very frequently in a short time. The change in antenna inclination angles with the random actions will result in varied received signal intensity. However, very few studies and conventional channel models have been performed to capture the features. In this paper, the relationships between the statistical characteristics of the electric field and the antenna inclination angles are investigated and modeled based on a three-dimensional (3D) fast ray-tracing method considering both the diffraction and reflections, and the radiation patterns of an antenna with arbitrary inclination angles are deducted and included in the method. Two different conditions of the line-of-sight (LOS) and non-line-of-sight (NLOS) in the indoor environment are discussed. Furthermore, based on the statistical analysis, a semiempirical probability density function of antenna inclination angles is presented. Finally, a novel statistical channel model for stochastic antenna inclination angles is proposed, and the ergodic channel capacity is analyzed.
Introduction
Wireless communication technology has been widely used in communication systems for its mobility, convenience, flexibility, and lower cost compared with wired transmission. However, the signals are significantly affected by the surrounding environment and undergo fading and time variation before arriving at the receiver. In order to achieve a higher rate and more reliable communication, the acquisition of accurate channel state information (CSI) and channel modelling is fundamental and crucial in designing a wireless communication system and has been attracting researchers' attention.
A basic framework of the geometry-based stochastic channel modelling approach (GSCMA) is developed in [1] for three different scenarios with the corresponding channel parameters such as delay spread, angle spread, shadow fading, angle of departure, angle of arrival, and delay power spectrum extracted from a large number of measurements. Additionally, a polarized channel model is also proposed based on crosspolarization discrimination (XPD) when considering the depolarization effect of channels on electromagnetic waves. The WINNER II channel model [2] extends the number of scenarios to more than a dozen but follows the same channel modelling approach. Furthermore, the WINNER II channel model allows propagation between line-of-sight (LOS) and non-line-of-sight (NLOS) conditions for a same scenario. Analogously, a number of channel models are established using GSCMA but assuming that the scatterers are distributed on regular geometries in two or three dimensions such as the one-ring model [3] , twin-cluster model [4] , and elliptical model [5] considering only the azimuth angle and the double-cylinder model [6] , two-sphere model [7] , and multiconfocal ellipsoid model [8] considering the influence of the elevation angle. However, these conventional channel models are assumed to be generally stationary, but this is not sufficiently applicable for the channels of the massive multiple-input multiple-output (MIMO) recognized as one of the most important candidate technologies for the fifth-generation (5G) mobile communication systems due to the potential and additional advantages compared with conventional MIMO technologies [9] [10] [11] .
Consequently, several novel models [12] [13] [14] are developed to capture the new features observed from the measurements such as the spherical wave front, nonstationary effect on the antenna array axis and the time axis.
The above channel models are independent of the antenna configurations and element radiation patterns. Instead, the correlative channel models such as the Kronecker model [15] and the Weichselberger model [16] use the correlation matrices at the mobile station (MS) and base station (BS) without knowing the distribution of scatterers or clusters resulting in a lower complexity. However, few studies of the channel modelling for stochastic antenna inclination angles have been done. It is known that mobile devices are not fixed on walls or people's desks as routers or computers. Instead, people communicate using a mobile device whenever and wherever possible; for instance, they are lying down, standing, and walking. The way people hold a mobile device is not a static state but a stochastic process since users can change the way they hold the mobile device very frequently even in a few seconds. Consequently, the antenna inclination angles will change with the rotation of the mobile devices leading to the variation of received signals due to the polarization mismatch between the signals and antennas. In this paper, a statistical channel model for stochastic antenna inclination angles in the indoor environment is developed based on a modified three-dimensional (3D) fast ray-tracing method. Two different conditions of LOS and NLOS for a common scenario of the T-shaped corridor for an indoor environment are investigated. Furthermore, in order to capture the stochastic characteristics of people holding a mobile device, a semiempirical probability density function (PDF) of antenna inclination angles is proposed, and closed expressions for the radiation patterns of a half-wave antenna for arbitrary inclination angles are deducted based on the principle of coordinate transformation. Finally, the ergodic capacities under two different conditions are analyzed based on the proposed channel model. This paper is organized as follows. A modified 3D fast ray-tracing method is introduced, and the validity and accuracy of the method in predicting the electromagnetic fields are verified in Section II. In Section III, the statistical channel model for stochastic antenna inclination angles is presented in detail. The numerical results are analyzed in Section IV, and conclusions are drawn in Section V.
Simulation Environment, Method, and Validation
In this section, a modified 3D fast ray-tracing method based on space subdivision is introduced and used to predict the electromagnetic fields in a T-shaped corridor. The layout and corresponding sizes of the corridor are shown in Figure 1 . It is composed of brick walls, concrete floor, and ceiling with the corresponding parameters: the relative permittivity and conductivity are ε r = 4 0 and σ 2 = 0 343 s/m for the walls and ε r = 6 14 and σ 2 = 1 005 s/m for the floor and ceiling [17] . If all the angles in the corridor are assumed to be right angles, the whole space of the corridor can be divided into many hexahedrons and each hexahedron can be further split into five tetrahedrons. Each hexahedron and tetrahedron must be seamless and nonoverlapping. It is worth noting that there are two different types of faces or lines in the model. One is called real face (RF) or real line (RL) since the face or line exists in the realistic scene such as the surface or edge of a wall. The other one is invisible in fact and only introduced for subsequent analyses and computations so that it is called the virtual face (VF) or virtual line (VL). The space meshing should make each face of a tetrahedron have only one property, the real or the virtual. 
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Since the size of an antenna is relatively small compared with the realistic propagation environment, a single antenna can be approximated as a transmitting point. If the coordinates of the transmitting point are given, the initial tetrahedron where the transmitting point is located in can be determined. The rays depart from the transmitting point and arrive at a receiving point through a number of tetrahedrons, and the path of each ray can be traced using the method proposed in [18] . However, the calculation is so cumbersome that we modify the expression and give a more compact form as
where OB denotes the vector from the transmitting point O to an arbitrary vertex of the i-th face of the initial tetrahedron as shown in Figure 2 and n i and a i represent the normal vector and extension coefficient of the i-th face, respectively. r is the unit vector of propagation, and ⋅, ⋅ represents the inner product of two vectors. Consequently, the face hit by the ray corresponds to the minimum and positive extension coefficient. Note that there are two cases of propagation for different type of faces. If the face is a VF, the incident rays will pass through the face and reach the adjacent tetrahedron as in the case 1 shown in Figure 2 . Otherwise, the face is a RF, and the incident rays will be reflected in the current tetrahedron as in the case 2. If the roughness of all surfaces in the environment is assumed to be neglected, the reflected field can be determined according to Fresnel's laws of reflection. The reflection coefficients for perpendicular polarization and parallel polarization are given as
where ε r is the relative permittivity and θ i is the incident angle. Furthermore, if an obstacle with the size much larger than the wavelength of the incident wave is present in the propagation path, the diffraction should be taken into consideration. In order to determine the diffraction field, Holm's heuristic diffraction coefficients are selected to calculate the diffraction field due to the simple expressions and the good consistency with the rigorous solution for finite conductivity as shown in [19] . The diffraction coefficients for perpendicular polarization and parallel polarization are expressed in a more compact form as
where
are the reflection coefficients for the perpendicular polarization and parallel polarization referred to in the formulas expressed in (2) and (3) for the 0-face and n-face [19] . ϕ′ and ϕ represent the incident angle and diffraction angle, respectively. k is the wave number, 2 − n π is the inner angle of the wedge and here n = 1 5 due to the previous assumption of right angles in the corridor, s is the distance between the diffraction point and the diffraction observation The process of the 3D fast ray-tracing is shown in Figure 3 , where N and M denote the number of reflections and the number of reflections after diffraction, respectively.
In the process of ray-tracing, it is assumed that each ray is independent of each other and the field around a ray should be represented only by the ray. In addition, it is necessary to determine whether a ray contributes to the field at a receiving point. One of the effective methods is using the reception sphere [20] . The radius of the reception sphere for each ray is expressed as
where α is the angle between two adjacent rays and d is the path length from the transmitting point to the receiving point.
Note that if the receiving point locates in the overlapping area of the rays, the double counting error [21] will be generated. A method of reducing the double count error is presented as follows.
Firstly, in order to determine whether a ray is received, all its adjacent rays need to be tested simultaneously. Secondly, if an adjacent ray is received, it must be determined whether the number of reflections and the surfaces in the whole paths of the two rays are equal. If it is true, we compare the distances from the receiving point to the two rays and discard the further one as a repeated ray. Otherwise, the two rays will be retained.
It is known that when people are communicating with mobile devices, the rapidly changing actions of holding their mobile devices result in the antenna inclination angles varying randomly. Assuming that half-wave dipole antennas are used on both the transmitting and receiving sides, and if the coordinate system of the antenna is taken as the local coordinate system and the coordinate system of the corridor 4 International Journal of Antennas and Propagation environment is considered as the global coordinate system as shown in Figures 1 and 4 , the radiation patterns of the antenna also change with the antenna inclination angles in the global coordinate system. According to the coordinate transformation, radiation patterns of a half-wave dipole antenna with arbitrary inclination angles are expressed as
where F θ and F φ represent the radiation pattern of the θ direction and φ direction in the global coordinate system, respectively. As shown in Figure 4 , α and β represent the zenith angle and azimuth angle of the tilted antenna in the global coordinate system, respectively. θ and φ are the zenith angle and azimuth angle in the global coordinate system, respectively. For α = 0 ∘ , the electric field patterns are simplified to
These are the electric field patterns of a vertical polarized half-wave dipole antenna.
Assuming that the transmitting antenna is fixed in the vertical polarization whereas the angle of the receiving antenna varies randomly, the intensity of the electric field received by the antenna will be different at the same receiving point since only the electric field components parallel to the antenna act on the received signals. Consequently, after all the effective rays are determined, the total complex E-field can be obtained as
where K is the total number of the effective rays. i denotes the i-th effective subpath. e θ and e φ are the unit direction vectors in the θ and φ directions, respectively. S Ant is the antenna axial directional vector. ⋅ , ⋅ represents the inner product of two vectors. Consequently, the relative received power (RRP) (relative to transmitting power) can be obtained as [17] 
where G T and G R represent the transmitting antenna gain and receiving antenna gain, respectively. PL 0 is the free space path loss from the transmitter to receiver. In order to verify the accuracy and effectiveness of the modified 3D fast ray-tracing method used for predicting the propagation characteristics of the electromagnetic waves in the T-shaped corridor, the simulation results of RRP obtained from the method are compared with the measurement results in [17] as shown in Figures 5 and 6 . The simulation using the ray-tracing method is performed at 5.3 GHz according to the configuration and parameter setting of the measurement system in [17] , but the antennas are assumed to be half-wave dipole antennas at the transmitting and receiving sides. Both transmitting and receiving ∘ . The transmitting antenna is fixed at one end of the corridor, and the receiving antenna moves along the path from points A to B in the LOS corridor and points C to D in the NLOS corridor as shown in Figure 1 . The heights of the transmitting antenna and the receiving antenna are set to 1.8 m and 1.6 m, respectively. Furthermore, the transmitting power is set to be 29 dBm in the simulation, and omnidirectional vertically polarized antennas with different gains but with the same transmitting power are assumed at the transmitting side for different conditions of the LOS and NLOS corridors. As shown in Figure 5 , the transmitting antenna gain and receiving antenna gain are equal to 1 dBi, i.e., G T = G R = 1 dBi, the relative received power (relative to the transmitting power) ranges from -85 dB to -45 dB and decreases along the path from points A to B in the LOS corridor as shown in Figure 1 . It is known that the direct path plays a dominant role in the receiving power, and signal attenuation is mainly due to the energy diffusion and reflections on the walls, floors, and ceilings when scattering and transmission are assumed to be neglected. In another case, i.e., G T = 13 dBi and G R = 1 dBi, the relative received power ranges from -100 dB to -60 dB along the path from points C to D in the NLOS corridor as shown in Figure 6 , and it is less than the LOS condition even for the larger transmitting antenna gain. This is because there is no direct path in the NLOS corridor, and multiple reflections and diffraction result in the heavy attenuation. The simulation results show good consistency with the measurements for both LOS and NLOS conditions even though there are some differences due to the complicated realistic corridor environment. Consequently, the method is verified to be accurate and effective in the prediction of electric field for the T-shaped corridor environment.
The intensity of the electric field received by an antenna can change with different inclination angles at a receiving point due to the polarization mismatch and the changing electric field patterns and can be analyzed using the modified 3D fast ray-tracing method. For instance, assuming the azimuth angle is equal to zero degrees, the relationships between the relative received power and the zenith angles along the paths from point A to point B in the LOS corridor and from point C to point D in the NLOS corridor are shown in Figures 7 and 8 , respectively. In the LOS corridor, the relative receiving power decreases with the increase of the zenith angle, and the offsets relative to the vertically polarized antenna, i.e., α = 0 ∘ , increase but retain almost the same trend from 0 to 75 degrees. However, for the horizontally polarized antenna, i.e., α = 90 ∘ , the relative received power is far less than the vertical polarization and shows a different trend compared with others. This is because the transmitting antenna is vertically polarized and the main propagation mechanisms are the direction and reflections. The direct path plays a dominant role in the LOS corridor resulting in the relatively weaker depolarization effect. International Journal of Antennas and Propagation
In the NLOS corridor, the relative received power for the vertically polarized antenna is still the largest whereas the offsets relative to the vertically polarized antenna for other angles are less than those in the LOS corridor especially for the horizontally polarized receiving antenna. This is because there is no direct path in the NLOS corridor and the main propagation mechanisms are the diffraction and reflections leading to the serious channel depolarization effect.
A Statistical Chanel Model for Stochastic Antenna Inclination Angles
In order to obtain the statistical CSI of the T-shaped corridor, 169 different user positions from A to B for the LOS corridor and 101 different user positions from C to D for the NLOS corridor are selected for simulation and investigation. The half-wave dipole antennas are assumed to be used at both ends of the transceiver with the transmitting power of 30 dBm, and the transmitting antenna is fixed in the vertical polarization whereas the inclination angles of the receiving antenna are variable.
The simulation results of the electric field at different receiving points can be obtained according to (8) using the ray-tracing method. According to the statistical analyses, the statistical characteristics of the amplitude and the phase of the electric field can also be obtained. The results show that the amplitude of the electric field when expressed in decibels is subject to Gauss distribution for both LOS and NLOS corridors. For instance, the statistical distribution of the amplitude of the received electric field for the vertical polarization or z-polarization, i.e., α = 0 ∘ , and two horizontal polarizations or x-polarization and y-polarization, i.e., α = 90 ∘ , β = 0 ∘ , and β = 90 ∘ , are shown in Figures 9 and  10 . For the LOS condition, the mean value is -3.7 dB for the z-polarization and much larger than -19.2 dB for the x-polarization and -25.9 dB for the y-polarization as shown in Figure 9 since the vertical polarization and horizontal polarization are copolarized and crosspolarized relative to the transmitting antenna, respectively, and the existence The amplitude of the electric field (dB)
Relative frequency Figure 9 : The probability density function (PDF) of the amplitude of the electric field in the LOS corridor. 7 International Journal of Antennas and Propagation of the direct path leads to relatively weaker depolarization as mentioned above. Furthermore, the value of the xpolarization is larger than that of the y-polarization since the reflection surfaces in the LOS corridor are in the y direction resulting in the heavier depolarization for the component of the y-polarization than that of the x-polarization and z-polarization. For the NLOS corridor, as shown in Figure 10 , the mean value is -19.5 dB for the z-polarization and approximately equal to -25 dB for the x-polarization and -24.2 dB for the y-polarization due to the strong depolarization after the diffraction and multiple reflections. Furthermore, the reflection surfaces in the NLOS corridor are in the x direction leading to nearly equal mean values of the two horizontal polarizations.
In order to obtain the statistical characteristics of received signals, the mean value and variance of the amplitude of the electric field expressed in decibels for different zenith angles and azimuth angles in the LOS corridor are depicted in Figures 11 and 12 , respectively. The results show that the mean values range from -26 dB to -2 dB and decrease with the increase of the zenith angle due to the increased polarization mismatch. However, the effect of the azimuth angle is not obvious for the lower zenith angles but becomes significant for the larger zenith angles, especially when the zenith angle is equal to zero degrees; it is known that the mean value is independent of azimuth angles. This is because there are three basic polarizations as mentioned above, and the polarization mismatch also exists between two horizontal polarizations. Furthermore, the main reflection surfaces in the LOS corridor are in the y direction, which results in the heavier depolarization for the y-polarization than that of the x-polarization. However, the variance approximates to a constant of 4.25 dB for the lower zenith angles, but fluctuations occur for the larger angles as shown in Figure 12 .
In the NLOS corridor, the mean values and variances of the amplitude of the electric field changing with antenna inclination angles are shown in Figures 13 and 14 , respectively. The mean values range from -30 dB to -19 dB and are smaller than those of the LOS condition due to the heavy attenuation after the diffraction and multiple reflections. The depolarization transforms more power from the copolarization components into the crosspolarization ones. In addition, since the main reflection surfaces in the NLOS corridor are in the x direction, the gaps among three polarizations are reduced. Similar to the LOS condition, the variance also The variance of the amplitude of the electric field (dB)
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A z im u t h a n g le ( d e g r e e ) A z im u t h a n g le ( d e g r e e ) Z en it h an gl e (d eg re e) Figure 13 : The mean value of the amplitude of the electric field for different inclination angles in the NLOS corridor.
The mean value of the amplitude of the electric field (dB)
A z im u t h a n g le ( d e g r e e ) Z en it h an gl e (d eg re e) 8 International Journal of Antennas and Propagation tends to be a constant for the lower zenith angles with the value of 3.5 dB but shows approximately uniform distribution between 2.5 dB and 5 dB for the larger zenith angles. According to the fitting results, the mean value of the amplitude of the electric field shows sinusoidal variation with the zenith angle or azimuth angle for both LOS and NLOS corridors as shown in Figures 15 and 16 , and the fitting function can be expressed as
where y 0 , A, x c , and w are the coefficients of the fitting function. Consequently, the functional relationship between the mean value of the amplitude of the electric field and antenna inclination angles can be deducted and expressed in decibels as follows.
For the LOS condition:
A mean−LOS α, β = 10 log 10 where α and β represent the zenith angle and azimuth angle of the tilted antenna as shown in Figure 4 . According to the statistical analysis, as shown in Figure 17 , the phase of the electric field is subject to uniform distribution between -90°and 90°for both LOS and NLOS corridors.
A statistical channel model for stochastic antenna inclination angles can be established as Figure 4 , respectively. j is the square root of -1.
The process for generating channel coefficients is described as follows. Firstly, select the simulation scenario including the LOS or NLOS conditions and randomly generate the inclination angle of the antenna. Based on the obtained antenna inclination angles, the mean value of the amplitude of the channel coefficient for these angles can be obtained from (11) and (12) . For simplicity, the variance is considered to be a constant 4.25 dB for the LOS condition or 3.5 dB for the NLOS condition as shown in Figures 12  and 14 . Consequently, the amplitude of the channel coefficient is randomly generated according to the statistical distribution. Furthermore, the phase factor can also be generated in a similar way. Finally, the channel coefficient can be obtained, and the flow chart of the process for generating channel coefficients is shown in Figure 18 .
Numerical Analysis
As mentioned above, the changing actions for people holding their mobile devices result in random variation for the antenna inclination angles. In fact, it is not a static state but can be considered as a stochastic process since it may change frequently even in a very short time. However, very few studies have been performed on the statistical characteristics of the way people hold their mobile devices. Additionally, the effect of the stochastic antenna inclination angles on received signals has not been taken into account in conventional channel models.
In [22] , an interesting study of the way that people naturally hold and interact with their mobile devices is performed and 1333 observations of people using mobile devices in different situations at different places in seven cities are made. The pie chart of the survey result is shown in Figure 19 . It shows that talking in the way of voice calls occupies 22.28% of the users, while 18.98% is passive activities such as listening to audio or watching a video. Furthermore, the most common way of holding the mobile devices is the one-handed use accounting for 28.96% including 67% of right-handed use and 33% of left-handed use. The 21.01% of users is engaged in cradling their mobile devices in the left hands or right hands with 79% and 21%, respectively. However, only 8.78% is two-handed use with two different situations. The first one accounting for 90% is to hold the mobile devices vertically, i.e., in the portrait mode, and the other one is to hold the mobile devices horizontally, i.e., in the landscape mode.
Although the data in [22] were used to evaluate how people actually use their mobile phones, we can empirically associate these data with the antenna inclination angles as Table 1 . Consequently, a semiempirical PDF is proposed based on the survey results. According to the statistical results, the antenna inclination angle obeys Gauss distribution with the corresponding mean and standard deviation of 45.5°and 9.44°, respectively. After obtaining the statistical distribution of antenna inclination angles, the channel coefficients can be generated according to the method introduced in Section III. In order to evaluate the channel model, taking the MIMO system of M T = M R = 4 as an example, the ergodic capacity for MIMO channels can be obtained according to the formula [23] C = E log 2 det I M R + ρ M T HH H bps/Hz, 14
where I M R is the M R × M R identity matrix; ρ is the system signal-to-noise ratio (SNR); ⋅ H is the Hermitian transpose; M R and M T denote the number of receivers and transmitters, respectively; and H is a matrix whose entries are the M R × M T channel gains.
The ergodic channel capacity of two different conditions of LOS and NLOS is depicted in Figures 20 and 21 . The results show that the ergodic capacity increases with the increase of average SNR and it is larger in the LOS condition compared with the NLOS channel under the same SNR. Furthermore, the ergodic channel capacity increases with the increase of the number of antennas at the transmitting and the receiving sides, and for the same number of antennas, the channel capacity of the channel model with stochastic antenna inclination angles is considered to be smaller than that of the antenna fixed as a vertical polarization due to the effect of the polarization mismatch.
Conclusion
A 3D statistical channel model for stochastic antenna inclination angles in a T-shaped corridor environment based on a modified 3D fast ray-tracing method has been proposed in this paper. The radiation patterns for arbitrary inclination angles of a half-wave antenna have been deducted and considered in the method. Based on the statistical analyses, the relationships between the statistical characteristics of the electric field and antenna inclination angles are analyzed for both of the LOS and NLOS corridors. Furthermore, a semiempirical probability density function of antenna inclination angles has been proposed and used to depict the stochastic process of people holding their mobile devices. For future work, the channel model can serve as a preliminary attempt; the parameters used in the channel model can be verified and extracted from the channel measurements and extended to more scenarios. Combined with the existing channel models, a more general, accurate, and low-complexity channel model may be developed and applied to the next-generation wireless communication systems.
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